Data from preclinical and clinical studies have demonstrated that granulocyte macrophage colony-stimulating factor (GM-CSF) can function as a key proinflammatory cytokine. However, therapies that directly target GM-CSF function could lead to undesirable side effects, creating a need to delineate downstream pathways and mediators. In this work, we provide evidence that GM-CSF drives CCL17 production by acting through an IFN regulatory factor 4-dependent (IRF4-dependent) pathway in human monocytes, murine macrophages, and mice in vivo. In murine models of arthritis and pain, IRF4 regulated the formation of CCL17, which mediated the proinflammatory and algesic actions of GM-CSF. Mechanistically, GM-CSF upregulated IRF4 expression by enhancing JMJD3 demethylase activity. We also determined that CCL17 has chemokine-independent functions in inflammatory arthritis and pain. These findings indicate that GM-CSF can mediate inflammation and pain by regulating IRF4-induced CCL17 production, providing insights into a pathway with potential therapeutic avenues for the treatment of inflammatory diseases and their associated pain.
Introduction
In addition to its role as a proinflammatory cytokine, granulocyte macrophage colony-stimulating factor (GM-CSF) has also been implicated in bone cancer pain and in inflammatory and arthritic pain (1) (2) (3) (4) . Cells of the monocyte/macrophage lineage are likely cell types involved in these functions, with other proinflammatory cytokines, such as TNF, IL-1β, IL-23, and IL-6, being implicated in possible feedback loops (5, 6) ; GM-CSF can have a role in the biology of monocyte-derived DCs (moDCs) in autoimmune/inflammatory reactions (7, 8) .
The chemokine CCL17 (also called thymus and activation-regulated chemokine [TARC] ) was originally implicated in the preferential attraction of Th2 lymphocytes and thus considered an M2 cytokine (9) ; however, it can also attract effector/ memory Th1 lymphocytes and Tregs (9, 10) . It can be produced by certain macrophage/DC populations (9, (11) (12) (13) ; with wide receptor (CCR4) distribution (14) , including in neurons (15) , CCL17 likely has other properties (9, 12, 13, 16) and is elevated in many inflammatory conditions (13, (16) (17) (18) (19) (20) .
IFN regulatory factor 4 (IRF4) is a hemopoietic-specific transcription factor critical for myeloid and lymphoid lineage development and function (21) . While an important role for IRF4 in DC development has been emphasized (22) (23) (24) (25) , in macrophages (26) (27) (28) and DCs (29) , it has even been considered to provide an antiinflammatory signal. While IRF5 has been proposed to be key for GM-CSF-dependent M1 macrophage polarization (30) , we have observed a more dramatic upregulation of IRF4 in GM-CSFtreated monocytes/macrophages than in the corresponding macrophage-CSF-treated (M-CSF-treated) populations (31) .
Since the targeting of GM-CSF and its receptor for treatment of inflammatory/autoimmune diseases could have unwanted side effects, such as infections and pulmonary alveolar proteinosis (4, 5) , the elucidation of critical downstream pathways/mediators could be advantageous. We provide evidence for a GM-CSFdependent pathway in monocytes/macrophages leading to IRF4-dependent CCL17 formation and for its relevance to inflammation and its associated pain.
Results

GM-CSF dramatically upregulates CCL17 expression in human monocytes and murine macrophages.
Human monocytes were cultured for 16 hours in GM-CSF and gene expression examined by microarray analysis. CCL17 is the most highly upregulated gene among the cytokines/chemokines whose gene expression was significantly altered ( Figure 1A and Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI87828DS1); the key proinflammatory cytokines, IL1B and TNF, were also upreguData from preclinical and clinical studies have demonstrated that granulocyte macrophage colony-stimulating factor (GM-CSF) can function as a key proinflammatory cytokine. However, therapies that directly target GM-CSF function could lead to undesirable side effects, creating a need to delineate downstream pathways and mediators. In this work, we provide evidence that GM-CSF drives CCL17 production by acting through an IFN regulatory factor 4-dependent (IRF4-dependent) pathway in human monocytes, murine macrophages, and mice in vivo. In murine models of arthritis and pain, IRF4 regulated the formation of CCL17, which mediated the proinflammatory and algesic actions of GM-CSF. Mechanistically, GM-CSF upregulated IRF4 expression by enhancing JMJD3 demethylase activity. We also determined that CCL17 has chemokineindependent functions in inflammatory arthritis and pain. These findings indicate that GM-CSF can mediate inflammation and pain by regulating IRF4-induced CCL17 production, providing insights into a pathway with potential therapeutic avenues for the treatment of inflammatory diseases and their associated pain.
Granulocyte macrophage colony-stimulating factor induces CCL17 production via IRF4 to mediate inflammation Figure 2B) ; Il1b and Tnf mRNA expression were also increased, but to a relatively lesser extent. Ccl17 mRNA was barely detectable in naive joints of WT mice (Supplemental Figure 2C ). An intraarticular (i.a.) injection of methylated BSA (mBSA), which leads to a mild synovitis (35) , led to Ccl17 mRNA expression that was GM-CSF dependent (Supplemental Figure 2C) ; Ccl17 mRNA expression was also not detected in the naive or salineinjected joints of GMCSF -/-mice. WT mice, which also received s.c. GM-CSF (3), showed a further significant increase in Ccl17 mRNA expression, as well as in Il1b and Tnf mRNA expression, in the mBSA-injected joints compared with the saline-injected joints (Supplemental Figure 2D) . Using CCL17/EGFP reporter (Ccl17 E/+ ) (9) mice, 4 days following GM-CSF-dependent antigen-induced peritonitis induction (8) , CCL17/EGFP expression was detected predominantly in the CD115 (CSF-1R) + inflammatory moDC and macrophage populations (8) (Supplemental Figure 2E ). There was also some expression in the minor conventional DC (cDC) population, but not in neutrophils, eosinophils (Supplemental Figure 2E) , or lymphocytes (data not shown). Treatment of WT mice with a neutralizing anti-GM-CSF mAb (days 1 and 2) following antigen-induced peritonitis induction (8) led to a significant reduction in Ccl17 mRNA expression in total peritoneal exudate cells (Supplemental Figure  2F) ; however, there was no change in Tnf mRNA expression.
These data indicated that GM-CSF upregulates CCL17 expression in the steady state, upon its administration and during inflammatory reactions.
CCL17 is required for GM-CSF-driven inflammatory pain and can itself induce pain. GM-CSF has been shown to induce mechanical hyperalgesia (2) and to be required for the development of inflammatory and arthritic pain (1, 3) . We therefore examined whether pain driven by GM-CSF administration was dependent on CCL17. GM-CSF was again injected intraplantarly and pain monitored as before by a change in weight distribution (using an incapacitance meter) (4, 5) . The i.pl. GM-CSF induced pain in a cyclooxygenase-dependent manner, since it was suppressed by the cyclooxygenase inhibitor, indomethacin ( Figure  2A ). Such GM-CSF-driven pain was also dependent on CCL17, as Ccl17
E/E mice (9) were resistant ( Figure 2B ) even though Il1b and Tnf mRNA were similarly increased in the footpads of both lated ( Figure 1A and Supplemental Table 1 ). The increased expression of these genes was validated by quantitative PCR (qPCR) ( Figure 1B ). Unlike IL-1β and TNF, which were not detected in the GM-CSF-treated cultures (data not shown) (32, 33) , high levels of CCL17 were found in the supernatant ( Figure 1C) .
For M-CSF-starved (CSF-1-starved) murine bone marrowderived macrophages (BMM), GM-CSF dramatically upregulated Ccl17 mRNA ( Figure 1D ) and protein ( Figure 1E ); Il1b and Tnf were not significantly upregulated by GM-CSF, either at the mRNA level ( Figure 1D ) or as secreted protein (data not shown). Furthermore, by qPCR, GM-CSF-differentiated bone marrow cells, here and elsewhere (33, 34) termed GM-BMM (see below), had significantly increased levels of Ccl17 mRNA compared with those in BMM (Supplemental Figure 1A ) (34) , and only GM-BMM secreted CCL17 (Supplemental Figure 1B) , but again IL-1β and TNF were not detected (data not shown). For ex vivo resident and thioglycolate-elicited peritoneal macrophages, GM-CSF again strongly upregulated Ccl17 mRNA (Supplemental Figure 1C and Figure 1F , respectively); a comparison for the latter macrophage population for Il1b and Tnf mRNA is shown ( Figure 1F ).
Thus CCL17 is highly secreted in both human and murine monocyte/macrophage populations following GM-CSF addition.
Dependence of CCL17 expression on GM-CSF in vivo. We next determined whether CCL17 expression in vivo was regulated by GM-CSF in the steady state, upon its administration and during inflammatory reactions. Ccl17 mRNA expression could be detected in the hind footpads of naive WT mice, but was significantly lower in the footpads of GMCSF -/-mice (Supplemental Figure 2A) . Figure  3, A and B, respectively) . The i.pl. zymosan injection also induces pain (36) , which was abrogated using the COX2-specific inhibitor SC58125 (Supplemental Figure 3C ). This pain was both GM-CSF and CCL17 dependent ( Figure 5 , A and C, respectively), but again, the footpad swelling was not (Supplemental Figure 3 , D and E, respectively); GMCSF and Ccl17 mRNA were induced in the inflamed paws of WT mice upon zymosan injection ( Figure 5 , B and D), with the Ccl17 mRNA induction again being GM-CSF dependent ( Figure 5B ). The increased GMCSF mRNA expression, on the other hand, was not reduced in the zymosan-injected Ccl17 E/E mice ( Figure 5D ), consistent once more with CCL17 not driving GM-CSF expression. Il1b and Tnf mRNA were also induced following i.pl. zymosan injection and were significantly lower in GMCSF -/-mice, but not in Ccl17 E/E mice ( Figure 5 , B and D, respectively). The i.a. zymosan also induces an acute, innate immune-driven monoarticular arthritis (37) . Treatment with indomethacin once pain was evident (day 1) led to a reversal of the pain within 1 day, indicating cyclooxygenase dependence (Supplemental Figure  3F ). Zymosan-induced arthritic pain was dramatically reduced in GMCSF -/-mice and the arthritis severity (day 7) lowered ( Figure 6A ). We also found that Ccl17 mRNA expression in zymosan-induced arthritic joints was abolished in GMCSF -/-mice ( Figure 6B ); Il1b and Tnf mRNA expression were also reduced in the inflamed joints of GMCSF -/-mice compared with WT mice. As for the GMCSF -/-mice, zymosan-induced arthritic pain was essentially absent and the disease severity reduced ( Figure 6C ) in Ccl17 E/E mice. We have previously shown arthritic pain and disease in the T cell-dependent antigen-induced arthritis (AIA) model to be dependent on GM-CSF (3); likewise, Ccl17 E/E mice did not develop pain following AIA induction and showed significantly less joint destruction ( Figure 6D ).
The data above in the GM-CSF-driven and GM-CSFdependent models indicate a key role of CCL17 in inflammatory pain and arthritis.
Ccl17
E/E and WT mice following i.pl. GM-CSF injection (data not shown). Furthermore, the GM-CSF-driven pain was blocked by an anti-CCL17 mAb ( Figure 2C ).
The i.pl. injection of CCL17 itself led to pain that was also COX dependent ( Figure 2D ); more specifically, the CCL17-driven pain was dependent on COX2 ( Figure 2E ). CCL17-driven pain did not require endogenous GM-CSF ( Figure 2F ), consistent with GM-CSF expression not being downstream of CCL17.
CCL17 is required for GM-CSF-driven arthritic pain and disease and can itself drive arthritic pain and disease. To assess whether CCL17 was also required for GM-CSF-driven arthritic pain and disease, we again took advantage of our mBSA/GM-CSF arthritis model (see Supplemental Figure 2D ) (3) . Ccl17
E/E mice were resistant to mBSA/GM-CSF-induced arthritic pain and disease ( Figure  3A) , and anti-CCL17 mAb was able to ameliorate both ( Figure 3B ).
The substitution of s.c. CCL17 for GM-CSF showed that CCL17 could also exacerbate the mild synovitis induced by i.a. mBSA injection, resulting in pain and disease ( Figure 4A ). As for pain induction in the mBSA/GM-CSF model (3), indomethacin treatment from day 5 was able to reverse pain within 1 day (Figure 4A) , with a trend for reduced disease ( Figure 4A ). Like the mBSA/GM-CSF model (data not shown), the new mBSA/CCL17 model was as active in Rag1 -/-mice, indicating T/B cell independence ( Figure 4B ), and did not require GM-CSF for pain or dis- E/E GM-CSF; GM-CSF + isotype vs. GM-CSF + anti-CCL17 mAb; GM-CSF or CCL17 + vs. -indomethacin (Indo) or COX2 inhibitor. ), a higher proportion of GM-BMM were CCL17/EGFP + compared with BMM (Supplemental Figure 4D ) and the amount of IRF4 protein expressed by CCL17/EGFP + GM-BMM was significantly greater than for CCL17/ EGFP -GM-BMM (mean fluorescence intensity [MFI] 8.9 ± 0.4 vs. 1.4 ± 0.1, P < 0.0001). Withdrawal of GM-CSF from GM-BMM cultures resulted in a decrease in IRF4 protein (Supplemental Figure  4E ). GM-BMM from Irf4 -/-mice had significantly lower levels of Ccl17 mRNA, an upregulation of Il1b mRNA, and a trend toward an increase in Tnf mRNA compared with WT GM-BMM (Supplemental Figure 4F ), which was similar to that of Irf4 -/-BMM treated with GM-CSF ( Figure 7H ). Paralleling the mRNA data, secreted CCL17 protein was markedly lower in GM-BMM from Irf4 -/-mice (Supplemental Figure 4G ). IRF4 expression would not appear to be dependent on endogenous CCL17 in the GM-BMM cultures, since its mRNA and protein levels were equivalent between WT GM-BMM and Ccl17
E/E GM-BMM (Supplemental Figure 5 , A and B, respectively). Thus, the CCL17 induction by GM-CSF in monocytes/macrophages is IRF4 dependent.
GM-CSF-induced CCL17 expression in monocytes/macrophages is IRF4 dependent.
We next explored the molecular pathway(s) utilized by GM-CSF to upregulate CCL17 expression. We have previously shown that GM-CSF could induce IRF4 expression in human monocytes (31) . Although IRF5 has been implicated in the development of a GM-CSF-driven proinflammatory (M1) macrophage phenotype (30) , when compared with vehicle (PBS) control, we could detect by microarray a significant increase in only the IRF4 gene among IRF family transcription factors following 16 hours of GM-CSF treatment (data not shown); this was confirmed for IRF4 and IRF5 for mRNA ( Figure 7A ) and protein (Figure 7B) . Silencing the IRF4 gene in human monocytes significantly decreased GM-CSF-induced CCL17 mRNA and secreted protein ( Figure 7 , C and D, respectively), but not TNF mRNA ( Figure 7C) ; silencing the IRF5 gene had no effect on the expression of either of these mediators.
GM-CSF treatment of M-CSF-starved (CSF-1-starved) BMM resulted in a dramatic induction of Irf4 mRNA ( Figure 7E ) and protein ( Figure 7F ), again correlating with CCL17 expression (Figure 1, D and E) . In addition, using BMM from Ccl17 E/+ mice, when CCL17/EGFP + expression was increased following GM-CSF stimulation, the macrophages also became positive for IRF4 ( Figure 7G ). GM-CSF-treated BMM from Irf4 -/-mice had lower Ccl17 mRNA than GM-CSF-treated WT BMM and no secreted CCL17 ( Figure 7 , H and I, respectively). Irf4 deficiency resulted, in contrast, in upregulation of Il1b mRNA, but no change in Tnf mRNA ( Figure 7H ). The GM-CSF-dependent upregulation of Irf4 mRNA expression was also noted in both thioglycolate-elicited ( Figure 7J ) and resident E/E mice (n = 10 per group) and (B) WT mice treated with anti-CCL17 or isotype control (150 μg i.p., days -2 and 0) (n = 10 per group). Pain (incapacitance meter) and arthritis (histology) were measured. Original magnification, ×125. Results are shown mean ± SEM. P values were obtained using a 2-way ANOVA test for pain (weight distribution) readings and a 2-way (A) or 1-way (B) ANOVA test for histology quantification. **P < 0.01; ***P < 0.001; ****P < 0.0001, WT saline vs. WT GM-CSF. the 7-day period ( Figure 8E ). In contrast, the mBSA/CCL17 arthritis model did not require IRF4 ( Figure 8G ). These data support the in vivo relevance of the proposed new GM-CSF/IRF4/CCL17 pathway.
IRF4 is required for GM-CSF-dependent inflammatory and arthritic pain.
We also predicted that GM-CSF-dependent inflammatory and arthritic pain would require IRF4. Irf4 -/-mice developed less pain than WT mice, but did develop footpad swelling following i.pl. zymosan injection ( Figure 9 , A and B, respectively). Also, footpad Ccl17 mRNA expression in Irf4 -/-mice did not increase following i.pl. zymosan injection, unlike in WT mice (Figure 9C) ; however, there were no differences in the increased mRNA expression of GMCSF, Il1b, and Tnf between WT and Irf4 -/-mice ( Figure 9C ). Zymosan-induced arthritic pain and disease were also IRF4 dependent ( Figure 9D ). Using Rag1 -/-mice, we found zymosan-induced arthritic pain and disease to be T/B cell independent (data not shown). These data again support the in vivo relevance of the proposed new GM-CSF/IRF4/CCL17 pathway.
IRF4 is required for GM-CSF-driven inflammatory pain and for GM-CSF-driven arthritic pain and disease.
If IRF4 is also involved in the GM-CSF-dependent upregulation of CCL17 in vivo, we predicted that our GM-CSF-driven inflammatory pain and arthritis models would also be IRF4 dependent. The i.pl. injection of GM-CSF in Irf4 -/-mice resulted in no pain ( Figure 8A ) and no increased Ccl17 mRNA expression, whereas the increases in Il1b and Tnf mRNA were not affected ( Figure 8B) ; in contrast, i.pl. injection of CCL17 in Irf4 -/-mice led to a level of pain similar to that observed in WT mice ( Figure 8C) .
In the i.a. mBSA-injected (arthritic) joints of WT mice undergoing the mBSA/GM-CSF arthritis protocol, Irf4 mRNA expression was increased ( Figure 8D) ; this model required IRF4 for both pain and disease ( Figure 8E ). In this model, Ccl17 mRNA was lower in the mBSA-injected (arthritic) joints of Irf4 -/-mice compared with WT mice (Figure 8F ), and the same was evident for Il1b and Tnf mRNA (data not shown), possibly due to reduced joint inflammation over mice (n = 6 per group). Pain (incapacitance meter) and arthritis (histology) were measured. Original magnification, ×125. Results are shown as mean ± SEM. P values were obtained using a 2-way ANOVA test for pain (weight distribution) readings and a 1-way (A) or 2-way (B and C) ANOVA test for histology quantification. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, WT saline vs. WT CCL17. GM-CSF regulates IRF4 expression via JMJD3 demethylase in human monocytes. The promoter region of IRF4 is enriched in trimethylated histone H3Lys27 (H3K27me3), which can be converted by JMJD3 (KDM6B) demethylase to its monomethylated state, thereby enhancing its transcription (38) . We therefore hypothesized that GM-CSF might regulate JMJD3 expression and/or activity, thereby controlling IRF4 transcription. GM-CSF treatment of human monocytes increased KDM6B mRNA, with its peak occurring before the increased IRF4 and CCL17 transcripts ( Figure 10A ); JMJD3 activity ( Figure 10B ) and protein ( Figure  10C ) were also elevated. Importantly, the increase in IRF4 protein correlated with a dramatic decrease in H3K27me3, while total histone 3 expression remained the same ( Figure 10C ). Treatment with the JMJD3 inhibitor GSK-J4 before GM-CSF stimulation resulted in trimethlyation of H3K27 that is comparable to that of unstimulated monocytes while GM-CSF-induced IRF4 protein was decreased ( Figure 10C ). As hypothesized, the pretreatment had an effect on GM-CSF-regulated JMJD3 activity, leading to a marked decrease in GM-CSF-induced CCL17 (Figure 10D ), correlating with the reduction in IRF4. Furthermore, ChIP assays confirmed that GSK-J4 blocked the recruitment of RNA polymerase II to the IRF4 transcription start site (TSS) and also prevented the GM-CSF-induced loss of H3K27me3 association to this locus, while not altering the total H3 at this site ( Figure 10E) .
The JMJD3 inhibitor GSK-J4 inhibits GM-CSF-driven inflammatory pain.
To assess whether blockade of JMJD3 activity would ameliorate GM-CSF-driven pain development, WT mice were pretreated i.p. with GSK-J4 or vehicle 30 minutes prior to i.pl. GM-CSF. Mice pretreated with vehicle prior to GM-CSF developed pain, whereas mice treated with the JMJD3 inhibitor were resistant to pain development ( Figure 10F ). This finding suggests that development of GM-CSF-driven pain requires JMJD3 activity.
Discussion
We have identified a new GM-CSF-driven pathway in monocytes/ macrophages leading to CCL17 formation and with upstream involvement of JMJD3-regulated IRF4; this pathway was identified in both human and murine cells in vitro, and also in vivo, in the steady state and also during inflammatory responses. This pathway appears to be separate from the GM-CSF-driven pathway(s) in monocytes/macrophages, leading to expression of other key proinflammatory cytokines, such as IL-1β and TNF. We also found that CCL17 was secreted from all the GM-CSF-treated monocyte/macrophage populations tested, unlike, for example, IL-1β and TNF, which could not be detected and which usually require an additional stimulus, such as LPS (32, 33, 39) . By using both GM-CSFdriven and GM-CSF-dependent models, we have demonstrated that CCL17 can mediate at least some of the proinflammatory and algesic actions of GM-CSF. Consistent with our data, Ccl17 mRNA is strikingly reduced in inflammatory moDCs lacking functional GM-CSF receptors (40) , although it cannot be assumed that the new pathway is operating exclusively in monocytes/macrophages/ DCs during inflammation. Our data are the first, to our knowledge, to indicate a role for CCL17 in the propagation of inflammatory pain as well as in arthritic pain and disease. What other downstream mediators are formed via this pathway remains to be determined. From our findings, GM-CSF joins the list of stimuli, for example, IL-4 (41, 42), IL-13 (43) , and thymic stromal lymphopoietin (TSLP) (44), associated with upregulation of CCL17, which has traditionally been viewed as a chemokine participating in Th2-type immune responses (9, 10), leading to it usually being considered as a marker of M2 macrophage polarization (45, 46) . CCL17 has been reported to be required for CCR7-and CXCR4-dependent migration of dermal DCs, suggesting a wider chemotactic role (12) . The data above showing that CCL17 has a nonredundant function in models that are T/B cell independent indicate that CCL17 is not acting as a T cell chemokine in these models. The COX2 dependence of the CCL17-driven inflammatory and arthritic pain also suggests that CCL17 may have other roles in inflammation in addition to being a chemokine (13, 16) .
Several pieces of evidence point toward IRF4 being a key intermediary in the GM-CSF-driven upregulation of CCL17 formation E/+ and Ccl17 E/E mice received an i.pl. injection of zymosan, and (C) pain and (D) footpad mRNA expression (6 hours zymosan or saline) were measured (n = 7-8 per group). Results are shown as mean ± SEM. P values were obtained using 2-way ANOVA tests. **P < 0.01; ****P < 0.0001, WT and in GM-CSF biology in general. Our in vivo experiments examining the IRF4 contribution used only models for which mature lymphocytes were not required in order to reduce any complexities arising from the known IRF4 regulation of lymphocyte development (21) . The effects of IRF4 depletion on GM-CSF-driven and GM-CSF-dependent pain, swelling, and arthritis were similar to those observed upon CCL17 deletion/depletion, supporting our pathway. Our data also indicate that IRF4 may have a proinflammatory role in monocytes/macrophages in contrast with the literature in which it has been considered to have an antiinflammatory function in macrophages in vitro (26, 27) and in vivo (26, 28) . The heterogeneity of the GM-CSF-derived cells from murine bone marrow cells, often used as a model for DCs and/or macrophages (termed GM-BMM above and elsewhere; refs. 33, 34), has been highlighted (25, 47, 48) , with an IRF4 + population being defined as a relatively mature PDL2 + DC (25, 48) . We suggest that this is present in our GM-BMM cultures as the IRF4 + CCL17
+ population (Supplemental Figure 4D) .
Our prior data (31) and also data presented here point toward IRF4, rather than IRF5 (30), as being more critical for the action of GM-CSF on monocytes/macrophages. IRF5 has been proposed to be important for GM-CSF-driven M1 (proinflammatory) macrophage polarization (30), while IRF4 has been linked to M2 macrophage polarization, with an upstream JMJD3-mediated E/E mice with AIA (n = 15 per group). Results are shown as mean ± SEM. P values were obtained using a 2-way ANOVA test (A, C, and D) for pain readings, Mann-Whitney U test (A, C, and D) for histology, and a t test (B) for gene expression. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, WT It is noteworthy that depletion of both CCL17 and IRF4 had very dramatic effects on pain in the various i.pl. and arthritis models without effects on swelling, i.e., pain and swelling were dissociated, which has been reported previously (see, for example, ref. 53). These findings were similar to what we found before upon GM-CSF deletion/depletion (3), again providing supporting evidence for our proposed pathway and for some selectivity in its contribution to an inflammatory response. In addition, GM-CSFand CCL17-driven, as well as GM-CSF-and CCL17-dependent, inflammatory and arthritic pain were all blocked by cyclooxygenase inhibition (3), suggesting that eicosanoids also provide another link between the biology of these 2 cytokines.
Both GM-CSF (54) and CCL17 (55) expression are elevated in rheumatoid arthritis (RA) synovial fluid, with CCL17 expression also elevated in DCs in this fluid (56) -perhaps GM-CSF contributes to this CCL17 expression. Since elevated expression of both GM-CSF (4-6) and CCL17 (13, (16) (17) (18) (19) (20) has also been observed in many preclinical and clinical settings, for example, for atopic dermatitis, allergy, lung disease, inflammatory bowel disease, and cardiovascular disease, it could be that the GM-CSF/IRF4/CCL17 demethylation being crucial (38, 49) ; however, GM-CSF has also been viewed as an M2 cytokine (see, for example, ref. 50). We have provided evidence that JMJD3 is important in the GM-CSF-stimulated upregulation of IRF4 and ultimately CCL17, which is the first demonstration, to our knowledge, that such an epigenetic mechanism can contribute to GM-CSF signaling. Importantly, a JMJD3 inhibitor ameliorated GM-CSF-driven inflammatory pain. JMJD3 expression has been reported to be controlled by NF-κB in LPSactivated BMM (51) . We previously showed that, following LPS stimulation, GM-BMM displayed increased NF-κB activity compared with BMM (33), suggesting that GM-CSF could potentially control JMJD3 expression via NF-κB. While it remains unknown how GM-CSF might regulate IRF4 expression in monocytes/ macrophages, a recent study found that STAT5 could bind to the IRF4 promoter in T cells, thus regulating its expression (52) . Given that GM-CSF activates the JAK2/STAT5 signaling pathway (6), it is tempting to speculate that it may regulate IRF4 expression via STAT5 in monocytes/macrophages as well. Our data also reinforce the recommendation that the M1/M2 nomenclature should not be used to describe GM-CSF-treated monocytes/macrophages (46). -/-macrophages (n = 4). Graphs are plotted as mean ± SEM. P values were obtained using a t test. Institute. Mice were backcrossed onto the C57BL/6 background (Walter and Eliza Hall Institute) for more than 10 generations. Mice of both sexes (8 to 12 weeks) were used. Isolation of human monocytes. Human monocytes were isolated as described before (31) . Briefly, human monocytes were purified from buffy coats (Red Cross Blood Bank, Melbourne, Victoria, Australia), using RosetteSep Ab mixture (Stem Cell Technologies), which negatively select CD14 + monocytes, followed by Ficoll-Paque density gradient centrifugation. They were cultured in RPMI 1640, supplemented with 10% heat inactivated FCS, 2 mM GlutaMax-1 (Life Technologies), 100 U/ml penicillin, and 100 mg/ml streptomycin and treated with either human GM-CSF (10 ng/ml, R&D Systems) or PBS, for indicated time periods.
pathway has widespread relevance to pathology and its associated pain. Our findings mean that CCL17 may also be a therapeutic target in conditions where GM-CSF already appears to be one and perhaps without some of the possible side effects, such as pulmonary alveolar proteinosis and infections (4, 5).
Methods
Mice. GMCSF gene-deficient (GMCSF -/-) mice, originally provided by the Ludwig Institute for Cancer Research (Parkville, Victoria, Australia), were as previously described (1, 3, 8) . Ccl17 gene-deficient (Ccl17
E/E
) and Ccl17 heterozygous (Ccl17 E/+ ) mice, in which either both copies or a single copy of Ccl17 has been replaced by EGFP, are as reported (9 -/-mice and (E) pain and arthritis (histology, day 7) and (F) joint Ccl17 mRNA expression (day 7) were measured (n = 6 per group). (G) mBSA/CCL17 arthritis model was induced in WT and Irf4 -/-mice, and pain and arthritis (histology, day 7) were measured (n = 6 per group). Original magnification, ×125. Results are shown as mean ± SEM. P values were obtained using a 2-way ANOVA test (A, C, D, E, F, G) and a t test (B). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, WT saline vs. WT GM-CSF or WT CCL17; standard methods failed to produce satisfactory results, fold changes and P values were obtained using the RUVinv function from ruv R package (59, 60) (http://www-personal.umich.edu/~johanngb/ruv/ index.html). The list of control genes was from Eisenberg et al. (61) . The data set and technical information compliant with minimum information about a microarray experiment (MIAME) (62) can be found at the ArrayExpress Archive Web site (http://www.ebi.ac.uk/ arrayexpress/; E-MTAB-2212). qPCR. qPCR experiments were performed as described previously (31) . Briefly, total RNA was extracted using Isolate II RNA Mini Kit (Bioline) and reverse transcribed using SuperScript III reverse transcriptase (Life Technologies). qPCR was performed using an ABI PRISM 7900HT sequence detection system (Applied Biosystems) and predeveloped TaqMan probe/primer combinations for human and for murine CCL17, IL1B, TNF, IL-23p19, IL-6, GM-CSF, IRF4, IRF5, KDM6B, UBC, and HPRT (Life Technologies). All samples were assayed in duplicate. Threshold cycle numbers were transformed to ΔCt values, and the results were expressed relative to reference genes, UBC or HPRT.
ELISA. Secreted human and mouse CCL17, IL-1β, and TNF (R&D Systems) were measured by ELISA as per the manufacturer's instructions.
Antigen-induced peritonitis. Antigen-induced peritonitis was as described previously (8) . Mice were immunized (day -21) with mBSA (Sigma-Aldrich), emulsified in CFA, intradermally (i.d.) in the base of the tail. A booster injection was given at day -7. On day 0, mice were challenged i.p. with 200 μg mBSA, and 4 days later, peritoneal exuIsolation and culture of BMM. BMM and GM-BMM were prepared as previously described (31) . Briefly, bone marrow cells were isolated from femurs of mice and cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 2 mM GlutaMax-1, 100 U/ml penicillin, and 100 mg/ml streptomycin in the presence of either M-CSF (5,000 U/ml, Chiron) or murine GM-CSF (20 ng/ml, PeproTech). At day 4, nonadherent cells were collected and cultured for a further 3 days again in either M-CSF (5,000 U/ml) or GM-CSF (20 ng/ml) to derive BMM and GM-BMM, respectively.
Microarray. Microarray experiments were performed following recommended protocols supplied by Agilent Technologies as before (31) . Briefly, human monocytes from 3 independent donors were treated with GM-CSF (10 ng/ml) or PBS for 16 hours before RNA was isolated. RNA integrity was analyzed using an Experion automated electrophoresis station (Bio-Rad). Total RNA (1 μg) was used as starting material, which was amplified using the Low RNA Input Linear Amplification Kit (Agilent Technologies). The labeled cDNA was purified using an RNeasy Mini Kit (QIAGEN) and eluted and quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific Inc.). Following fragmentation, the cRNA was hybridized to Agilent Whole Human Genome microarray (G4112F) containing 43,376 probes corresponding to 41,264 transcripts. Microarrays were then scanned using a DNA microarray scanner, model G2565A (Agilent Technologies). Intensity data were read using the read. maimages function from the limma Bioconductor R package with background correction using the normexp method (https://www. bioconductor.org/packages/release/bioc/html/limma.html). Since incapacitance meter on at least 3 occasions prior to the commencement of the experiment. Three measurements were taken for each time point and averaged. mBSA-induced arthritis models. Monoarticular arthritis was induced as before (3) by i.a. injection of 100 μg mBSA in 10 μl saline into the right knee on day 0, the left knee being injected with saline, followed by an s.c. injection in the scruff of the neck on days 0 to 2 of either GM-CSF (500 ng, R&D Systems), CCL17 (600 ng, R&D Systems), or saline. Mice were sacrificed (day 7) and knee joints collected for histology. Indomethacin (1 mg/kg, i.p.) was given once pain was evident.
Zymosan-induced arthritis model. For the induction of the zymosan-induced arthritis model (64) , mice were injected with 300 μg of sonicated zymosan (Sigma-Aldrich) in a 10 μl volume into the left knee joint, while the contralateral knee received saline as a control. On day 7, arthritic joints were collected for gene expression analysis using quantitative PCR (qPCR) and histological analysis. Indomethacin (1 mg/kg, i.p., Sigma) was given once pain was evident.
AIA. As before, mice were immunized (day 0) with Sigma-Aldrich, emulsified in CFA, i.d. in the base of the tail (3). Arthritis was induced 7 days later by an i.a. injection of mBSA into the right knee, the left knee being injected with saline. date cells were harvested. For antibody blockade experiments, mice received 150 μg anti-GM-CSF mAb (22E9) or isotype control mAb (GL117.41) (a gift from J. Abrams, Schering BioPharma) on days 1 and 2 after i.p. challenge (8) .
Inflammatory pain models. Inflammatory pain was induced by a single i.pl. injection (10 μl) of either GM-CSF (20 ng, R&D Systems), CCL17 (50 ng, R&D Systems), CFA (Difco), or zymosan (100 μg, SigmaAldrich) into the left hind footpad. Saline was used as a control. Paw swelling was measured using spring callipers (Mitutoyo). Indomethacin (12.5 μg/paw, i.pl., Sigma-Aldrich) was given at either 0 or 2 hours after the inciting stimulus injection. The COX2 inhibitor SC58125 (5 mg/kg, i.p., Tocris) and the JMJD3 inhibitor GSK-J4 (25 mg/kg, i.p., Santa Cruz Biotechnology Inc.) were given at -30 minutes prior to the inciting stimulus injection. Anti-CCL17 mAb (MAB529, clone 110904, R&D Systems) or isotype control mAb (GL117.41, Schering BioPharma) was given i.pl. (2 μg) at the same time as the indicated stimulus.
Pain readings. As an indicator of pain, the differential distribution of weight over a 3-second period between the inflamed paw or limb relative to the noninflamed paw or limb was measured using an incapacitance meter (IITC Life Science Inc.) as before (1, 3, 63) . This technique has previously been validated for measurement of both paw and arthritic knee pain (1, 3, 63 ). Mice were acclimatized to the . Pain development was measured (n = 11 per group). Graphs are plotted as mean ± SEM. P values were obtained using a 1-way ANOVA test (A, B, D, and E) and a 2-way ANOVA test (F). *P < 0.05; **P < 0.01, vs. t = 0; ***P < 0.001, saline vs. GM-CSF + vehicle. Bioruptor XL (Diagenode) with a HI pulse setting and 30 seconds on and 30 seconds off pulses. The cycle was repeated 30 times, resulting in a sonication time of 30 minutes in total to achieve chromatin fragments of 200 to 1,200 base pairs. The lysates were incubated with 1 μg of anti-RNA Pol II (0.5-952, Millipore), anti-H3K27me3 (07-449, Millipore), or anti-histone H3 (05-925, Millipore) antibodies. Following immunoprecipitation and reversal of DNA-protein crosslinking, as per the manufacturer's instructions, DNA was purified with the MinElute PCR purification kit (QIAGEN). The real-time PCR reaction was then performed on the immunoprecipitated DNA fragments with a SensiFAST SYBR Hi-ROX Kit (Bioline) and the following human IRF4 TSS-specific primers: forward 5′-CCACCTCGCACTCTCAGTTT-3′ and reverse 5′-CTG-GAGGTCGAACCTCTGGT-3′. Enrichment of histones and RNA Pol II at IRF4 TSS was expressed as percentage of input DNA. Statistics. For mRNA and protein expression, a 2-tailed Student's t test, a Mann-Whitney U test, or a 2-way ANOVA was used. For pain readings, a 2-tailed Student's t test or 2-way ANOVA was used, and for histologic scores, the Mann-Whitney U 2-sample rank test, 1-way ANOVA, or 2-way ANOVA was used (GraphPad software, version 5.04). Bonferroni's post-hoc test was used when appropriate. Data were plotted as mean ± SEM with significance as indicated. A P value of less than 0.05 was considered significant.
Study approval. All animal experiments were approved by The University of Melbourne Animal Ethics committee. 
